We tested the effect of various culture media on life-history traits in three clones of the rotifer Lecane inermis, a potential bulking control agent. Four types of media were tested: a filtrate of activated sludge, mineral water, and each of these media enriched with molasses. The number of live and dead individuals and the number of amictic eggs were counted during the 14-day experiment, and the egg ratio (ER) and mortality rate were calculated. We found that the rotifers were well adapted to the changes in chemical composition of the medium and that the addition of molasses resulted in a significant increase in rotifer abundance. The highest ER was noted after two days, reaching a maximum of 4 eggs per female in treatments with filtrate and molassesenriched filtrate. The life-history traits varied depending on the clone and the medium, but all of the clones were able to survive and proliferate, even after 14 days of starvation.
INTRODUCTION
Excessive growth of filamentous bacteria causing bulking of activated sludge is still a serious problem in numerous lowloaded wastewater treatment plants, and many studies have focused on searching for the most effective method of coping with this problem (Jenkins et al. 2004; Tandoi et al. 2006) . One of the recently proposed methods focused on rotifers as a biological tool to prevent bulking (Fia"kowska & Pajdak-Stó s 2008) . The authors demonstrated that the rotifers can ingest filamentous bacteria and effectively reduce their density in sludge samples. However, the experiments were carried out with only one strain of monogonont rotifer (Lecane inermis) originating from a small wastewater treatment plant.
The biology of L. inermis is relatively well described (Miller 1931; Edmondson 1946) . According to Edmondson (1946) , this is one of the most fecund rotifers, as its populations are usually dominated by amictic females (Miller 1931) that lay 13 to 24 eggs during their lifetime of approximately 9 days (Edmondson 1946) . It has been shown that temperature and food availability are among the most important factors affecting rotifer reproduction (Edmondson 1946; Lubzens et al. 2001; Sarma et al. 2005) . Lecane inermis inhabits different environments, feeding on various strains of unicellular bacteria and green algae as well as filamentous bacteria (Miller 1931; Fia"kowska & Pajdak-Stó s 2008) .
The experiments showing that L. inermis can significantly reduce the density of Microthrix parvicella are encouraging regarding the use of rotifers as a biological tool to control bulking (Fia"kowska & Pajdak-Stó s 2008) . However, before the rotifers can be used on an industrial scale, much more information concerning the effects of different factors on their life history is required. Here, we used the egg ratio (ER) described by Edmondson (1965) as the main parameter to check the viability of rotifers in different kinds of medium and compared three different clones. The main goal of our study was to investigate which rotifer clone would be the most useful as a biological tool for bulking control.
MATERIAL AND METHODS
Three clonal populations of a monogonont rotifer L. inermis were used. One strain, Lk1, was obtained from a small wastewater treatment plant and cultured in our laboratory for three years; it has previously been used in experiments concerning sludge bulking control (Fia"kowska & Pajdak-Stó s 2008) . Two other strains, Lk2 and Lk3, were isolated from a large treatment plant situated in southern Poland (KU). All strains were obtained from single individuals transferred with a micropipette from a sludge sample to separate wells in the tissue culture test plates filled with Ż ywiec-brand mineral water. Oat grains were sterilised in boiling water, and one was added to each well. The rotifers fed on bacteria proliferating on the grains. Then they were kept in Petri dishes in Sanyo MLR-350 environmental test chambers in the dark at 201C. Activated sludge originating from another plant (PLA) served as a basis for the experimental medium. Approximately 50 ml of the sludge was filtered through mediumgrade filter paper (filtration velocity max. 35 s/ml, 65 g/m 2 , POCH Poland) to separate the solid and liquid fractions. The liquid filtrate was then stored in the refrigerator for 24 hours.
The experiments were carried out in Cell Wellst plates (Corning). Twenty rotifers were transferred into each of 24 wells, and the wells were divided into four 6-well groups. Half of the groups were filled with 1 ml of PLA filtrate, and the other half were filled with 1 ml of Ż ywiec-brand mineral water, which served as the control medium. Half of the wells for each media were additionally enriched by adding 25 ml of weak (3.0%) molasses solution (Greenland Technologia products for EM-1 proliferation). This set-up resulted in the following four treatments with six replicates for each: filtrate (F), the filtrate enriched with molasses (F þ M), Ż ywiec-brand mineral water (Ż ) and the mineral water enriched with molasses (Ż þ M). Some bacteria were transferred to the experimental wells with the rotifers, and we assumed that the rotifers fed on them. In the Ż treatment, there was no substrate for the bacteria to proliferate on, so the rotifers were considered starving. The experiment was repeated for the Lk1, Lk2 and Lk3 strains. The cell plates were stored for two weeks in darkness in a Sanyo MLR-350 chamber at 201C. After 1, 2, 6, 8, 12 and 14 days, live and dead rotifers and eggs were counted directly in each well under an inverted microscope at a total magnification of 200 Â . The ER (Edmondson 1965) was calculated for every well and day of counting. Because Lecane rotifers do not carry their eggs, we modified the Edmondson ER by dividing the number of all eggs by the number of active females. The mortality rate was determined by dividing the number of all dead rotifers in each experimental well by the number of active females. We also calculated the r-coefficient for the first 6 days of the experi-ment to check the population growth rate in the most intense period of proliferation. At the end of experiment, 25 ml of 3% molasses solution was supplied to females in the Ż treatment to check whether or not the survivors would resume reproduction. The eggs were counted in every well prior to addition of molasses and counted again after 1 and 5 days.
We used analysis of variance (ANOVA) and Tukey's HSD test to test whether there were significant differences in the number of live rotifers between days and the ER between clones in different media. The statistical analyses were performed using the data analysis software system STATISTICA StatSoft, Inc. (2007), version 8.0.
RESULTS
Rotifer clones differed in their reaction to food availability and the kind of medium in which they were grown. The transfer of rotifers to the sludge filtrate had a positive effect on their vivacity (Figure 1a -c). In the treatments without molasses, the number of living individuals was significantly higher in the sludge filtrate than in the mineral water from the sixth day to the end of experiment, and this effect was observed in all three clones. In the Lk1 clone, the number of live rotifers in the filtrate was the highest (mean ¼ 31.3) on the sixth day, whereas in Lk2 on the sixth (mean ¼ 41.8) and fourteenth (mean ¼ 36.7) days (Figure 1a, b ). In the case of Lk3, similar values were observed from the sixth (mean ¼ 36.5) to the twelfth (mean ¼ 28.3) days ( Figure 1c ). All three clones survived two week starvation in mineral water, maintaining approximately the same abundance until the end of the experiment.
The results from the molasses-enriched treatments showed similar tendencies as those without enrichment, but the number of live rotifers was significantly higher. After six days, the number of active rotifers from the Lk1 and Lk2 strains was higher in the F þ M than in the Ż þ M treatments, with the exception of the twelfth day in Lk2. In the case of the Lk3 clone, the number of rotifers was higher than for the other clones and reached similar levels in both media types (Figure 1c ). In the F þ M treatment, the number of rotifers remained at approximately the same level from the sixth day to the end of experiment for all three strains, but in the Ż þ M treatment, the fluctuations in the rotifer numbers were more pronounced. All three clones had the highest population growth rate (r-coefficient) in the F þ M treatment (Table 1) , clone Lk3 reached a similar growth rate in the Ż þ M treatment. In the Ż treatment, the r-values were negative (Table 1) .
When molasses was added to the wells after 14 days of the Ż treatment, females resumed reproduction in two out of three strains. After 24 hours, solitary eggs appeared in the Lk1 strain, but no newly laid eggs were found in the Lk2 strain. The highest number of newly laid eggs -up to 4 per wellwere observed in the Lk3 strain. After 5 days, the mean numbers of eggs per well were as follows: Lk1-21.7 (SD77.6); Lk2-63.7 (SD717.2); and Lk3-28.2 (SD712.0).
The differences between the investigated strains were most noticeable when the values of the ER were compared ( Figure 2 ). After 24 hours, the ER exceeded 0.5 only in the Lk3 strain in all treatments but the Ż treatment ( Figure 2c ). After two days, Lk1 and Lk2 followed a similar pattern, with ER values of 3 to 4 in the F and F þ M treatments and about 2 in the Ż þ M treatment. The ER was 0 for the Ż treatment. Interestingly, the ER values in Lk3 strain on the second day were similar in all treatments, having no significant differences between them. On the sixth day, the highest ER was found in the Lk2 strain in the Ż þ M treatment (Figure 2b ). In this strain, the ER was significantly higher in the Ż þ M treatment than in the F þ M treatment (Tukey's HSD, po0.001). In the Lk1 and Lk3 strains, there were no differences between the ER values in either enriched media (Tukey's HSD, p ¼ 0.85 and 0.92, respectively) at the sixth day, and the values gradually decreased in the following days. Beginning at the eighth day, the ER value did not exceed 0.5 except for the Lk2 strain in the Ż þ M treatment (Figure 2b) .
The investigated clones also differed in terms of mortality rate (Figure 3a-c) . For the Lk1 clone, the mortality rate was the highest in the Ż treatment, as opposed to the F treatment for the Lk2 clone. The Lk3 clone also had the highest mortality rate in the Ż treatment, but its value was lower than for the Lk1 strain. In the remaining treatments, the mortality rate was similar and increasing slowly throughout the experiment.
DISCUSSION
The novel idea of using L. inermis as a biological tool to control bulking of activated sludge (Fia"kowska & Pajdak-Stó s 2008) resulted in an urgent need to widen our knowledge concerning the biology of this species. In particular, recognising the factors affecting the growth rate of L. inermis is crucial before using the rotifers on an industrial scale. It has been shown that environmental conditions greatly influence rotifer growth both in nature and laboratory (Lubzens et al. 2001; Sarma et al. 2005) . The rotifers that inhabit activated sludge are subject to extreme conditions, which exert strong selection pressure. Strains that are better adapted to such conditions have a higher growth rate, and those that are not well adapted are outcompeted (De Meester et al. 2002) . Our study focused on how different clones of the species differ in their life-history traits. As the Lk2 and the Lk3 clones were selected from the same treatment plant, it might have been expected that their traits would be similar and that both would differ considerably from the Lk1 strain, which came from a small, low-loaded plant. It was also important to test rotifer reactions to transfer from one culture medium (Ż ) to a medium from a wastewater treatment plant, to which they were not adapted. This research has shown that all three clones reacted positively to the transfer and to enrichment of the media with molasses (Figure 1a-c) . When the mean number of live rotifers was considered, there were noticeable differences between the clones. Lk1 and Lk3 reacted similarly to enriched filtrate medium (F þ M); this medium gave the rotifers the best conditions to grow, as the increase in rotifer number continued until the twelfth day. In the Lk2 strain, the increase in rotifer number was also the highest in the F þ M treatment, but it did not reach values as high as those for other clones, and on the twelfth day, the decrease in rotifer density was already visible (Figure 1b ). Based on these results, a generalisation can be made that from the perspective of the rotifer, the quality of medium was as follows: Ż ywiec mineral waterofiltrateoŻ ywiec mineral water þ molassesofiltrate þ molasses. The sludge filtrate appeared to be a better medium than Ż ywiec mineral water for all of the strains. In our experiments, L. inermis adapted well to the chemical composition of the filtrate, and our results suggest that the filtrate itself was not only harmless for Lecane but also provided enough food to enable rotifer reproduction. However, it can be expected that activated sludge is a rather unpredictable mixture of different chemicals that can sometimes be polluted by toxicants; thus, it will be necessary to test rotifer sensitivity to sludge each time prior to it being used as a tool to control bulking in a treatment plant.
The differences between clones were also easily noticeable when the ER was compared (Figure 2 ). For the Lk1 and the Lk2 clones, the best conditions for reproduction were offered by the F and the F þ M treatments. Surprising results were obtained for the Lk3 clone; similar ER values in all four media on the second day of experiment suggest that reproduction of the clone was not strongly influenced by food availability. The ER measure (Edmondson 1960) can be used as an indicator for predicting changes in natural zooplankton populations. Despite some limitations reviewed by Sarma et al. (2005) , this measure is very useful in predicting natural population growth. It can also be used as a prediction criterion for production and culture quality in mass cultures of rotifers. If food concentration, temperature and population density conditions are good, the ER can reach the value of 3.0 (Sarma et al. 2005) . When resources are not limited and population densities are low, planktonic rotifers produce 3 to 5 eggs per female per day. When food becomes limited, population growth reaches a stationary phase, and amictic egg production declines (Sarma et al. 2005) . Our research showed that the addition of molasses caused a significant increase in the number of live rotifers and the ER in both mineral water and filtrate, and it also resulted in a lower mortality rate. We could expect that the population growth rate may reach much higher level if a food surplus is available. The fact that the amount of molasses added was moderate indicates that higher population growth might be relatively easy to achieve, especially if food was resupplied to maintain the ER at the level noted on the second day of the experiment. An interesting effect was observed when the mortality rates of the clones were compared. It seems that the Lk1 strain was the most sensitive to starvation; the highest mortality rate was observed on the eighth day in the Ż treatment (Figure 3) . Clone Lk2 turned out to be the most sensitive to the conditions provided by the F medium. No such effect was observed in the Lk3 strain, in which mortality rate was approximately at the same level in all of the types of media tested.
Our results suggest that Lecane rotifers are not demanding consumers. Nevertheless, it is important to find the optimal food concentration to obtain maximum population growth at the lowest cost; to this end, the use of molasses seems very promising. The molasses concentration used in our experiment enabled us to get a culture density of 3 Â 10 2 individuals cm À3 after six days in the most fecund strain (Lk3). It has been reported that rotifers in culture can reach densities as high as 1.6 Â 10 5 individuals cm À3 (Yoshimura et al. 2003) . However, these data concern marine rotifers of the Brachionus spp., which may differ from L. inermis in terms of environmental requirements, including tolerated population density. The maximal density of rotifer populations differs significantly depending on the environment they inhabit; generally, littoral rotifers reach much higher densities than planktonic ones (Edmondson 1946) . The maximal density for L. inermis reported by Fia"kowska & Pajdak-Stó s (2008) was approximately 2 Â 10 3 individuals cm À3 . In our experiments, the rotifer density apparently did not reach maximum levels; therefore, we conclude that food deficiency was the factor that led to the end of logarithmic growth. Thus, we can expect that periodic additions of molasses would ascertain a prolonged phase of high growth rate and thereby maintain a high-density culture.
Another feature of rotifers that makes them a good tool in bulking control is their resistance to starvation. In the experiment with females starved for 14 days, they resumed egg production when fed again. In the Lk1 and the Lk3 strains, solitary eggs were laid during the first 24 hours, whereas in the Lk2 strain, they did not appear until 48 hours. However, in the latter clone, the highest number of eggs was observed on the fifth day. The ability of rotifers to cease reproduction as a reaction to starvation may increase their chances for future survival (Yoshinaga et al. 2000) . It has also been stated that the lifespan of starved rotifers can be prolonged to allow possible reproduction in the future to compensate for reduced fecundity (Yoshinaga et al. 2003) . In the case of rotifers living in activated sludge, their reproductive plasticity can be crucial for survival, as their environment is highly unstable, and sufficient resources are not always provided; thus, it is also necessary to find rotifer strains in which the reproduction rate after a period of starvation will be the highest.
The results of our earlier studies (Fia"kowska & Pajdak-Stó s 2008) open new possibilities to use rotifers as a biological tool to control bulking. To be properly utilised, this strategy would require determining optimal laboratory culture conditions to quickly obtain high rotifer density for inoculation in a treatment plant. As a reaction to culture conditions differing between strains, it seems reasonable to use inoculum containing a mixture of strains with a wide spectrum of adaptations, enabling them to react quickly and adequately to unpredictable environments of activated sludge. Before using isolated strains on an industrial scale, it is necessary to test their ability to remove filamentous bacteria in sludge samples originating from different treatment plants.
CONCLUSIONS
1. The tested rotifers turned out not to be vulnerable to changes in the chemical composition of the medium. They reached higher density in the activated sludge filtrate than in the mineral water. 2. The highest ER was noted after two days and reached a value of 4 eggs per female in treatments with filtrate and molasses-enriched filtrate. 3. The life-history traits varied depending on the clone and the medium.
